Abstract Exploring how suitable habitat and population size of Red-crowned crane Grus japonensis respond to long-term coastal reclamation plays an important role in species conservation and in related coastal management. Here, we combined field data for suitable habitats and wintering population size of G. japonensis with GIS-based information to elucidate the influence of long-term coastal reclamation on this species and related conservation efforts. During 1975-2013, the intensity and spatial extent of coastal reclamation exhibited a temporal change, increasing dramatically in 1975-2000 and lessening considerably in 2000-2013. Under the pressure of long-term coastal reclamation, the decline of suitable habitat of G. japonensis was affected by increasing levels of human disturbance and decreasing availability of natural habitat. Moreover, the wintering population size of G. japonensis exhibited a decreasing trend during 1975-2013 as a result of the decreasing availability of fish ponds, bare tidal flats, and increasing spatial extent of residential areas and P. australis habitat, which were indirectly affected by long-term reclamation. Our results highlight the importance of considering the long-term effects of coastal reclamation on both populations and suitable habitat of G. japonensis, which should be considered in future plans for coastal management and conservation.
Introduction
Human disturbance has recently caused a nearcontinuous loss of natural coastal habitats worldwide (Holyoak & Heath, 2016) ; these habitats ultimately form a patchy network of semi-natural environments comprised of only remnants of the formerly prevailing natural coastal wetlands (Ma et al., 2014) . This habitat modification can lead to a need to change animal conservation techniques in the remnant natural coastal wetlands (Baudains & Lloyd, 2007) .
For most conservation biologists, to make an effective conservation strategy should depend on the knowledge of population ecology of endangered species, including an analysis of suitable habitats and population sizes respond reclamation (López-López et al., 2007; Owen et al., 2017) . Influenced by this idea, most ecologists focused on how coastal reclamation could affect bird population and the results showed that the response of a bird population to coastal reclamation disturbance can be divided into two parts. Reclamation decreased the area of suitable habitat for large-sized birds resulting in a reduced population size caused by a loss of food sources or shelters (Jiang et al., 2013) . On the contrary, other studies also highlighted a positive role of coastal reclamation in the conservation of endangered birds when ecological compensation could provide food resources or shelters for birds (Huang et al., 2012; Rodríguez & Howe, 2013; Perkins et al., 2015) . But these results were limited by focusing on populations of migratory shorebirds using short-term observations aiming at balancing between bird conservation and coastal reclamation management (Evans et al., 1979; Burton et al., 2006) . However, an increasing amount of scientific evidence supports the concept that longterm coastal reclamation could affect bird conservation more significantly than short-term reclamation. Due to the inherent difficulty of getting the long-term data of both habitat and population of birds (Evans et al., 1979; Burton et al., 2006) , empirical evidence supporting bird conservation efforts in remnant natural coastal wetlands is still limited.
Red-crowned crane (Grus japonensis) is the most famous species living in the coastal reclamation habitat. The reclamation coastline in Yellow Sea forms the primary wintering area of G. japonensis in China (Su & Zou, 2012) . It is the second rarest of the 15 crane species in the world and the IUCN Red List designated it as ''endangered'' (2013) . The Chinese government ranked the crane as a first priority protected species in 1986. So, it is important to explore how coastal reclamation affects this endangered species, thus set a balance between human activities and animal conservation. In the present study, we combined history data (1975, 1991, and 2000) and field data (2006, 2010, and 2013 ) related to population ecology (suitable habitats and wintering population size) of G. japonensis and GIS-based information to elucidate the influence of long-term coastal reclamation on the conservation and management of endangered species. We hypothesized that coastal reclamation could affect habitat characteristics of coastline in Yellow Sea, thus affecting the suitable habitat of G. japonensis. In addition, we also tested how coastal reclamation could affect suitable habitat of G. japonensis thus affecting their wintering population size.
Methods

Study site
The study site, located at 32°35 0 -34°28 0 N, 119°37 0 -120°53 0 E, lies along the coast of the Yellow Sea in East China. The simple vegetation community along the coast is distributed with a stratified pattern, from the coast to inland, with the bare tidal flats or supporting communities such as those dominated by Spartina alterniflora Loisel., Suaeda glauca Bge., Imperata cylindrical (Linn.) Beauv. or Phragmites australis (Cav.) Trin. ex Steud., and lastly by other xeromorphic vegetation. Human land use along this coastal region includes mainly agriculture/farming, aquaculture, and salt production using solar drying techniques. In recent times, human activities such as harbor building, wind power generation, and tourism have increased (Ma et al., 2014) . Two national natural wetlands reserves, the Red-crown Crane National Reserved Lands, and the Dafeng Milu National Natural Reserve, have been designated along this coastline.
Effects of coastal reclamation on habitat landscapes
Land use data from 1975 were interpreted using moderate resolution imaging spectroradiometer satellite images. The other periods of land use data (1990, 2000, 2006, 2010 and 2013) were obtained by interpreting Landsat Thematic Map images known as (120, 36) and (119, 37) . After geometric rectification, the two images were mosaicked and clipped to cover the study area using ENVI 4.2 software (RSI, 2005) . Using the supervised maximum likelihood method, we classified the land use of the study region into two catalogs including ten types: rivers, five types of natural habitats (P. australis, S. glauca, couch grass, bare tidal flats, S. alterniflora), and four types of human-modified habitat (farmlands, fishponds, salt fields and residential areas, the latter including rural residential and other urbanized and developed areas).
After converting the land use data from vector to raster type, the process of land use change since 1975 was analyzed using ArcGIS 9.3 software. During the conversion, the pixels of the raster were arranged in a 100 9 100 m grid. The following calculation was performed using the raster calculator in ArcGIS:
where V Dt is the calculated cell value, V t1 is the first time cell value, and V t2 is the second time cell value.
The landscapes that had been transferred from natural to human-dominated landscapes by coastal reclamation, including conversion to fish ponds, salt fields, farmlands, and residential areas, were outlined and the spatial extents of those areas were calculated. The process of change during five time periods, 1975-1991, 1991-2000, 2000-2006, 2006-2010, and 2010-2013 , were calculated individually.
Effects of coastal reclamation on the suitable habitat of Grus japonensis
Based on the habitat suitability index model (Sun & Liu, 2011) , we modeled the suitable habitat of G. japonensis by ArcView 3.3 and ArcGIS 9.2 following these procedures: First we collected field data of G. japonensis by point count methods. One point was set along the coast and the distance between each point was 5 km. Totally 30 points were set. Once G. japonensis were observed, we investigated ecological factors, which could be divided into two types: (1) habitat factors which include slope, aspect, vegetation type, and distance from plot center to water and (2) disturbance factors which comprise the distance from plot center to residential areas; second, we built the habitat suitability index model for evaluating the suitable habitat of G. japonensis and the changes of suitable habitat between different years could also be compared.
To quantify the effects of coastal reclamation on the suitable habitat of these birds, we used a machine learning algorithm, random forest, to plot the locations of those habitats. Random forest is an ensemble machine learning method used for illustrating the nonlinear effects of variables, can handle complex interactions among variables, and is not affected by multicollinearity. It can assess the effects of all explanatory variables simultaneously and automatically ranks the importance of variables in descending order. The partial plot of the explanatory variables provided by R package Random forest (Breiman, 2001) can give detailed information regarding the effects of explanatory variables. In our study, we used the random forest model to plot the partial effect of surveying years, total area of coastal wetlands, area of nine habitat landscapes (excluding river landscapes) on the area of suitable habitat of G. japonensis (R package Random Forest; Breiman, 2001).
Effects of coastal reclamation on the wintering population size of G. japonensis
To quantify the effects of coastal reclamation on the wintering population size of G. japonensis, we first estimated the wintering population size by field survey data collected by personnel from the Yancheng National Nature Reserve (1991 Reserve ( , 2000 . Data of 2006 Data of , 2010 Data of , and 2013 for population of G. japonensis were collected by simultaneous survey. Inter-annual changes in the wintering population of G. japonensis were also analyzed. Then, we used the random forest model to plot the partial effect of years, total area of coastal wetlands, area of the nine habitat landscapes, area of suitable habitat on wintering population size of this species (R package Random Forest; Breiman, 2001) .
Results
Effects of coastal reclamation on habitat landscapes
During 1975-2013, the intensity of coastal reclamation exhibited a temporal change, increasing dramatically in 1975-2000 (area of reclamation habitat, 1975-1991, 83,862 ha; 1991-2000, 56,656 ha) and lessening considerably in 2000-2013 (area of reclaimed habitat, 2000-2013, 25,672 ha) . The most commonly reclaimed habitats included the P. australis habitat (79,914 ha), S. glauca habitat (45,217 ha) and bare tidal flats (5286 ha), with this information being determined based on coastal reclamation intensity (Table 1; Fig. 1) . Moreover, the most commonly reclaimed habitats also changed during 1975-2013. The P. australis (79,333 ha) and S. glauca (40,687 ha) habitats were the most common reclaimed habitats during 1975-2000, while reclamation of P. australis (6001 ha), bare tidal flats (2858 ha) and S. alterniflora (9395 ha) habitats dominated during 2000-2013.
As a consequence of coastal reclamation, an increase in the area of reclaimed habitat (formatted as: habitat type, year, area) (farmland, 1975, 35,770 ha; 2013, 113,173 ha; residential area, 1975, 0 ha; 2013, 35,922 ha) Fig. 1; Fig. S1 ). Fig. 2 ).
When quantifying how coastal reclamation affected the availability of suitable habitat for G. japonensis, the random forest results clearly showed not only a positive association of the spatial extent of suitable habitat for G. japonensis with the area of three natural habitats (P. australis, S. glauca, and couch grass habitats), but also showed a negative association with years, the area of human-disturbed habitat (farmland, salt field, residential area) (Fig. 3) . Effects of coastal reclamation on wintering population of G. japonensis
The population census results showed that the wintering population of G. japonensis has grown significantly from 1975 to 2000, and that population was as high as 1128 individuals in 2000. Since 2001, the population numbers have decreased to 500 individuals in 2013, while generally remaining stable at 400-500 individuals (Fig. 4) . For estimating how the coastal reclamation could affect the wintering population size of G. japonensis, the random forest results did not only clearly point to a positive relationship between population size of G. japonensis and the area of fish ponds, bare tidal flats, S. alterniflora habitat, but also showed a negative relationship with spatial extent of residential areas and of P. australis habitat (Fig. 4) .
Discussion
Exploring how the suitable habitat and population size of endangered birds respond to long-term coastal reclamation is important for coastal conservation and management (López-López et al., 2007) . Our results Fig. 1 Effects of coastal reclamation on five types of natural habitats (P. australis, S. glauca, couch grass, bare tidal flats, S. alterniflora) and four types of human-modified habitats (farmlands, fishponds, salt fields and residential areas, the latter including rural residential and other urbanized and developed areas) in the Yellow Sea coast, China, during the periods of 1975 Hydrobiologia (2019 showed that both the area of suitable habitat and wintering population size of G. japonensis decreased during long-term coastal reclamation, which implies that reclamation had negative effects on bird conservation (Table 1 ; Figs. 1, 2, 3, 4) . Not surprisingly, the decline in suitable habitat for G. japonensis seems to be under pressure from longterm reclamation (Table 1; Figs. 2, 3 ). This occurs because of the effects of increased human disturbance and the decrease of food resource in available natural habitat (Table 1 ; Fig. 1 ) during the process of coastal reclamation (Yagoub & Kolan, 2006; Baudains & Lloyd, 2007) . Previous studies have clearly shown the negative effects of reclamation disturbance on the large-sized birds, because the remnant habitat could not fit the food requirement of birds (Cao & Liu, 2008; Wu & Zou, 2011; Wang et al., 2014) . This is why it is important for G. japonensis to live in the remnant habitats with P. australis, S. glauca, and couch grass, without human disturbance. This ecological phenomenon was also supported by the studies of other large bird species, such as red-winged blackbird (Agelaius phoeniceus; Wan et al., 2002; Chacin et al., 2015) .
Our study also highlighted that long-term reclamation had negative effects on the wintering population size of G. japonensis exhibiting a declining trend during 1975-2013 (Table 1) , which may be affected by decreasing availability of fish ponds, bare tidal flats, and increasing spatial extent of residential area as well as of P. australis habitat (Fig. 4) . As most studies reported, fish ponds and bare tidal flats have been reported to be relatively good foraging sites for most of shorebirds, such as G. japonensis, where the birds can obtain very desirable foods, such as small fish, crabs (Ma et al., 1999; Yu et al., 2001; Li et al., 2005; Shu et al., 2006; Luo et al., 2014) . Therefore, the development of these habitats can compensate for the loss of other foraging sites for G. japonensis (Zhao et al., 2003; Jing et al., 2007; Wang et al., 2014; Zhang et al., 2011) , thus causing the population decline of endangered birds. Furthermore, the decline of the population size is associated with the increase in human disturbance, such as activities in residential areas and reed cutting in P. australis habitat. Other studies of migratory or wintering birds in reclaimed habitats have also highlighted this change (Liley & Sutherland, 2007) . Moreover, our study only reflected an indirect relationship between wintering population size of bird and coastal reclamation, and explored the response of the G. japonensis population to coastal reclamation. Researchers need to understand the Fig. 3 A machine learning algorithm, random forest, for testing the association of surveying years, total area of coastal wetlands, five types of natural habitats (P. australis, S. glauca, couch grass, bare tidal flats, S. alterniflora), and four types of humanmodified habitats (farmlands, fishponds, salt fields and residential areas, the latter including rural residential and other urbanized and developed areas) on the area of suitable habitat of Grus japonensis. It shows the partial effects of several independent variables on the area of suitable habitat of birds, based on the random forest model. Bars show means background conditions of both breeding (northeast of China) and wintering sites; these areas include the Yancheng coastal areas in Jiangsu Province and the Yellow River delta in Shandong and Taiwan provinces (Catry et al., 2011; Huang et al., 2012) , which should be considered in future research studies.
Our results highlighted the importance of considering the effects of long-term coastal reclamation on both the population and suitable habitat of large-sized endangered birds, G. japonensis. During the process of reclamation, this endangered bird species may suffer from the negative effects of human disturbance, which should be considered in future coastal management and conservation planning efforts. 2017YFC0505800) and The National Basic Research Program of China funded (Grant No. 2013CB430400) this research. Fig. 4 A machine learning algorithm, random forest, for testing the association of surveying years, total area of coastal wetlands, five types of natural habitats (P. australis, S. glauca, couch grass, bare tidal flats, S. alterniflora), and four types of humanmodified habitats (farmlands, fishponds, salt fields and residential areas, the latter including rural residential and other urbanized and developed areas), area of suitable habitat on the population size of Grus japonensis. It shows the partial effects of several independent variables on the area of population size of birds, based on the random forest model. Bars show means
